Polymeric membranes as a carbon dioxide capture technology have a number of advantages over other approaches, including their low cost, high performance separation, ease of synthesis, as well as mechanical and thermal stability. However, condensable components in flue gas, in particular water, undergo competitively adsorption wit h carbon dioxide within the membranes, resulting in a reduction in CO 2 permeability. Furthermore, on a longer timescale plasticization of the membrane can occur, turning the glassy polymer to a more rubbery state, which alters both gas permeability and sel ectivity. Here, the impact of water on three glassy polymeric membranes are studied; polysulfone, Matrimid and 6FDA -TMPDA (a polyimide). The purpose of this work is to model the behavior of gas separation membranes under humid conditions that mimic real fl ue gas. This will assist in analyzing the performance of glassy gas separation membranes in planned CO 2 capture trials on both pre-and post -combustion carbon capture.
Introduction
Polymeric membranes have emerged as an important gas separation technology [1] , which have the potential to compete commercially with existing CO 2 capture technologies. In many CO 2 capture processes, such as natural gas and post -combustion, polymeric membranes are exposed to water, often at saturated conditions, which is known to alter separation performance [2] , through decreasing CO 2 flux and plasticization of the polymeric material. Here, the affect of water on the separation performance of a range of glassy polymeric membranes are studied in terms of competitive so rption and plasticization.
In polymeric membranes the selective layer is generally a non -porous film that transports gases across by the solution-diffusion mechanism [3] , which is described by the solubility of specific gases within the membrane and their diffusion through the dense polymer matrix. Hence, separation is not just diffusion dependent but also reliant on the physical -chemical interaction between the various gases and the polymer. The relationship between permeability, diffusivity and solubilit y is described by: , the mobilit y of the gas through the membrane, and S the solubility coefficient (cm 3 (STP) cm -3 cmHg -1 ). For ideal gases, the permeability is related to the gas permeation rate through the membrane, or flux (Q), the surface area of the membrane (A), the thickness of the membrane (l) and the pressure or fugacity difference across the membrane (Δ ƒ), which is the driving force for separation:
The ideal selectivity ( α) of one gas, A, over another gas, B, is defined as:
Polymeric membranes are classified as rubbery or glassy, dependent on their operating temperature relative to the glass transition temperature (T g ) of the polymer. Glassy polymeric membranes operate below the glass transition temperature; as a consequence the membrane never reaches thermodynamic equilibrium. This results in the polymer chains being imperfectly pack, leading to excess free volume in the form of microscopic voids. Within these voids gases adsorb, increasing the solubility of the membrane. Therefore, the total concentration of absorbed gas within a glassy membrane (C) can be described by:
Gas solubility within the polymer matrix follows Henry's Law:
Where K D is the Henry's Law constant. Gas solubility in the microvoids, C H , is assumed to follow the standard Langmuir adsorption relationship [4] .
C' H is the maximum adsorption capacity while b, is the ratio of rate coefficients of adsorp tion and desorption, or Langmuir affinity constant, defined as:
Hence, the dual -mode sorption for glassy membranes is written as:
And therefore the solubility coefficient is:
The Langmuir affinity constant is generally proportional to the critical temperature of the gas , a measure of a compound's condensability. The Langmuir affinity of various gases encountered in carbon capture for a range of polymeric membran es is shown in Figure 1 . For example, water has a very high critical temperature compared to N 2 and CO 2 . This means water is more condensable within the free volume and correspondingly a higher Langmuir affinity constant is observed. Hence, the presence of water even in trace amounts may dominate observed gas permeabilities, because even though the partial pressure is low, water will successfully compete for sorption sites in the membrane.
Figure 1:
Langmuir affinity constants (b) for a range of gases in various polymeric membranes relative to gas critical temperature [5] .
Here the permeability of CO 2 for three glassy polymeric membranes upon exposure to wet feed gas is studied, Matrimid 5218, polysulfone and 6FDA -TMPDA (2,2' -bis(3,4' -dicasrboxyphenyl) h exafluoropropane dianhydrid -2,3,5,6-tetramethyl-1,4-phenylenediamin e). The dual-sorption parameters for CO 2 are known for all three membranes, and are provided in Table 1 . The higher permeability observed for 6FDA -TMPDA is due to both the large Henry's Law constant and Langmuir maximum adsorption capacity of the membrane. This is a product of 6FDA -TMPDA containing large substituent groups, reducing packing density and hence 6FDA-TMPDA has higher loading of CO 2 compared to Matrimid and polysulfone.
Experimental
Polysulfone (Aldrich), was cast as flat dense sheets from chloroform giving an average thickness of 30 μm, and dried at 40 o C for 48 hours and annealed at 150 o C for 4 hours under vacuum. 6FDA-TMPDA was synthesized in house following previously established procedure [ 6] and cast as flat dense sheets from dichloromethane, giving an average thickness of 30 μm. The membranes were dried at 80 o C for 15 hours and then annealed 150 o C for 48 hours under vacuum. Matrimid 5218 (Huntsman) was cast as flat dense sheets from chloroform and annealed at 150 o C for 96 hours. On the completion of the annealing process, all three membrane types were cooled slowly (~12 hours) to room temperature under vacuum conditions, and during storage were keep in a moisture free environment (dessicator).
Permeability and selectivity of membranes was tested on an in -house built instrument, schematic in Figure 2 . kPa and 2.17 kPa respectively. Comp lete saturation was ensured by packing the bubbler with stainless steel Ballotini to increase mass transfer area; entrainment was minimized through the use of a filter (2 μm). The feed gas entered the in-house built membrane cell, where the membrane was mo unted in a 47 mm circular flat sheet arrangement, within an oven maintained at 35 o C. The retentate was at 600 kPa, with a flow rate of 100 ml min -1 (mass flow controller -Aalborg), with back pressure regulation (Extech Equipment). Water condensation on th e membrane was not an issue, since this temperature is above the saturation temperature of the wet-feed gas. Helium sweep gas passed across the permeate side, 400 kPa, 20 ml min -1 , to prevent concentration polarization, with the flowrate monitored by a mass flow indicator (Aalborg). The permeate composition was analyzed by Gas Chromatography (Varian CP -3800, column PORAPAK Q).
A standard experiment consisted of operating the membrane under dry conditions at temperature and pressure for 3 hours to achieve s teady state conditions. The feed gas was then passed through the water bubbler at a set temperature, with the permeate composition and flowrate monitored until steady state permeability and selectivity had been achieved. Upon completion of the experiment the used membrane was discarded. 
Results and Discussion
For Matrimid, the CO 2 permeabilit y upon exposure to wet feed gas decreases, which is indicative of competitive sorption of water within the glassy membrane, reducing the flux of CO 2 . This behavior is dependent on the water partial pressure in the feed gas, given that increased water parti al pressure equates to greater loss in permeability performance.
For polysulfone, the CO 2 permeability upon exposure to water initially has behavior similar to Matrimid; the permeability decreases as water competitively adsorbs into the microvoids. Howev er, for 1.18 and 1.61 kPa water partial pressures after ~1 20 mins of exposure, the CO 2 permeability increases again and approaches a steady -state value that is closer to the initial dry performance. This signifies that at later times, water is assisting to increase the flux of CO 2 through the membrane, which is attributed to plasticization of the polysul fone membrane.
Plasticization of a glassy polymer is a reduction in the interaction between adjacent segments of the polymer chain [10] , which conceptuall y can be viewed as swelling and salvation of the polymer. This provides greater mobility of the polymer chain and is often interpreted as more void space, which is therefore an increase in the fractional free volume within the polymer leading to an increas e in diffusivity of the penetrate gases. Therefore, two processes are occurring within polysulfone upon exposure to a humid feed, competitive sorption of water within the polymer matrix reducing the CO 2 concentration and leading to a decrease in permeability. The accumulation of water within the polymer leads to the packing density of the polymeric matrix loosens because of plasticization. This increasing the diffusivity of CO 2 , giving rise to the observed increase in permeability at later time. The partia l pressure of water influences the degree of plasticization, with a trend linking high relative humidity to plasticized permeability approaching that obtained at initial dry conditions.
For 6FDA-TMPDA, the change in CO 2 permeability upon exposure to water is similar to that observed for polysulfone. Initially competitive sorption of water to the membrane results in reduced CO 2 permeability, at later time, permeability increases indicative of plasticization. Hence, 6FDA -TMPDA is plasticized by water, increasing the diffusivity of gases through the membrane. The influence of relative humidity on performance is considerably variable, unlike that observed for polysulfone, with significant plasticization occurring at low water partial pressures . This indicates t hat for 6FDA -TMPDA, small water loading may induce plasticization, but the accumulation of water within the swelling microvoids at higher relative humidity prevents a significant increase in CO 2 flux.
Comparison of the kinetics for both competitive sorption and plasticization for polysulfone and 6FDA_TMPDA highlights that water rapidly accumulates within the microvoids, most probably due to the large permeabilities experienced for 6FDA -TMPDA, compared with the other membranes, resulting in a rapid flux of water through the membrane. Matrimid takes the longest time to obtain steady-state conditions due to competitive sorption; however a comparison with the other membranes is limited due to the effect of plasticization in those systems. For plasticization 6F DA -TMPDA permeability increase occurs in approximately half the time as that observed for polysulfone, again attributed to the higher water flux through the membrane leading to increased loading. Understanding water competitive sorption and plasticization of glassy polymeric membranes will assist in the analysis of membrane performance in planned pilot plant trials. As part of the Energy Technology Innovation Strategy (ETIS), funded by the Victorian state government, membrane pilot plants have been constructed to separate carbon dioxide from syngas generated by air-blown coal gasification (pre-combustion) and from flue gas emitted by a coal -fired power sta tion (post-combustion). The pre -combustion pilot plant trials three membrane based technologies, gas separating polymeric membranes at ambient temperature (Figure 3 ), gas separating membranes (carbon or inorganic) at high temperatures found in the water -shift reaction, as well as membrane gas -liquid contactors, where carbon dioxide is transferred into a solvent (Figure 4 ) . Post-combustion pilot plant trials will trial two membrane based technologies, gas separating polymeric membranes at ambient temperatures and membrane gas-liquid contactors. 
Conclusion
To conclude, water present in the feed gas for CO 2 separation by polymeric membranes can alter performance through com petitive sorption and plasticization of the polymer. Matrimid 5218 experiences competitive sorption only, where permeability decreases proportional to the relative humidity of the feed gas, and therefore the amount of water accumulated within the microvoid s. For polysulfone and 6FDA -TMPDA, both competitive sorption and plasticization occurs, resulting in an initial reduction in CO 2 permeability due to water competition followed by an increase in permeability as the gas diffusivity increases due to increased free volume. These laboratory results will be confirmed through pilot plant studies on real flue gases, which are due to commence soon.
